Calcium is a ubiquitous second messenger in eukaryotic signal transduction cascades. Ca 2þ intracellular levels in plants are modulated in response to various signals, including light, hormones, abiotic stresses, and pathogen attack. 1) Calcium signals can be sensed and transduced to downstream responses by several proteins, including calmodulins (CaMs), calcineurin B-like proteins (CBLs), and calcium-dependent protein kinases (CDPKs or CPKs). 1, 2) Among these, CDPKs represent a novel class of calcium sensors, having both protein kinase and calmodulin-like domains in a single polypeptide. As a result, the kinase activities of CDPKs are directly stimulated by Ca 2þ , unlike calmolulin-dependent protein kinases (CaMKs).
3) CDPKs contain an Nterminal variable region and three conserved domains, including a kinase catalytic domain, an autoinhibitory domain (junction domain), and a C-terminal CaM-like domain. 3, 4) The autoinhibitory domain acts as a pseudosubstrate autoinhibitor binding to the active region in the absence of Ca 2þ rendering the enzyme inactive. Upon calcium binding to EF-hands in the CaM-like domain, the autoinhibitory domain releases from the active site to elicit the activity of CDPKs. 5) CDPKs are present widely in different plant species and are encoded by a multigene family. Through genome-based scanning, 34 and 31 CDPK genes have been identified in arabidopsis and rice respectively. 3, 4, 6, 7) Information available from limited genomic sequencing and extensive EST projects also indicates the presence of multigene families of CDPKs in other plants, such as the tomato.
3) However, so far, only two tomato CDPK homologs have been identified, many fewer than predicted. 8, 9) CDPK isoforms in different plant species have been documented to be involved in growth and developmental processes and responses to a variety of stimuli including hormones, cold, drought, salt, light, wounding, and pathogenic elicitors. 8, [10] [11] [12] [13] [14] In tomato, LeCDPK1 was reported to express basically in the roots, stems, leaves, flowers and fruits, and its expression was induced rapidly and transiently in detached leaves under pathogenic elicitors and H 2 O 2 .
8) Also, mechanical wounding stimulated LeCDPK1 to express locally at the site of injury and systemically in distant non-wounding leaves. 8) LeCDPK1 has also been reported to be involved in the cross talk of signalling in which wounding increases the tolerance of tomato to salt through a mechanism that involves the synthesis of jasmonic acid. 15) Another CDPK isoform in tomato, LeCPK1, was found to phosphorylate the regulatory C-terminal domain of the plasma membrane H þ -ATPase in vitro, and its potential role in the regulation of proton pump activity was corroborated by the apparent co-localization of the plasma membrane H þ -ATPase and LeCPK1 in vivo.
9)
In this study, we isolated a novel CDPK gene, LeCPK2, from tomato by in silico cloning and investigated its organ-specific expression profile and responses to temperature, mechanical wounding, phytohormones ethylene (ET), methyl jasmonate (MeJA), and salicylic acid (SA). 
Materials and Methods
Plant materials and stress treatments. Tomato seeds were grown in a greenhouse and 1-week-old plants were sampled for total RNA extraction for gene cloning. Three-week-old tomato seedlings were subjected to stress treatments. For mechanical wounding, the third real leaves of plants were clipped moderately using a blunt-end forceps at intervals of 1 cm. For heat and cold treatments, seedlings were transferred to a 42 C growth chamber and a 4 C refrigerator respectively. For phytohormone treatments, plants were sprayed with 0.4% ethephon (an ethylene-inducing agent), 0.05 mM MeJA, and 0.5 mM SA, while ddH 2 O was spayed as a control. Third real leaves of tomato plants were harvested at 10 min, 30 min, 60 min, 150 min, 240 min, and 360 min for heat and cold treatments, and at 10 min, 30 min, 60 min, 180 min, 360 min, and 720 min for wounding and hormone treatments. After they were immediately frozen in liquid nitrogen, the samples were stored at À70 C until RNA extraction.
Total RNA extraction and the first strand of cDNA synthesis. The samples were ground into a fine power in liquid nitrogen and total RNA was extracted using the TRNzol-A þ total RNA extraction kit (Tiangen, Beijing, China) according to the manufacturer's instructions. The first strand of cDNA was synthesized in 20 ml of reaction solution using the RevertAtd tm first strand cDNA synthesis kit (Fermentas, Burlington, Ontario, Canada), following the manual.
In silico cloning of LeCPK2. To isolate new CDPK genes from tomato, all known CDPK genes from the same family of plants, tobacco and potato, were tried as information probes to search tomato dbEST, and finally, through trial and error, the nucleotide sequence of NtCPK5 (AY971376), a calcium-dependent protein kinase gene from tobacco, was determined as an information probe to screen tomato dbEST by the program blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A pool of ESTs sharing high homology with NtCPK5, including EG553636, BF097675, AW030185, AW216674, AI782011, BI924581, AW933484, and AI778664 were captured and assembled to a contig with the help of software DNAMAN.
Verification of electronic contig of LeCPK2. To verify the sequence of electronic contig, RT-PCR was carried out using a pair of specific primers P1 (5 0 -CCCAATTCTTGATTTTTGTTCA-3 0 ) and P2 (5 0 -AACAAACACACTTGGCACGA-3 0 ) designed based on the 5 0 -terminal and the 3 0 -terminal nucleotide sequences of the assembled sequence respectively. The reaction conditions were: 94 C predegeneration for 3 min, then 35 cycles of 94 C degeneration for 45 s, 55 C annealing for 45 s, 72 C extension for 3 min, followed by a final extension at 72 C for 10 min. The PCR products were analyzed by agarose gel electrophoresis and subcloned into vector pGEM-T-easy (Promega, Madison, WI) for sequencing. 
Results

Cloning of LeCPK2
With NtCPK5 as information probe, a search of the tomato dbEST captured a set of ESTs, some of which were assembled to a contig based on overlapping sequences (Fig. 1A) . To verify the electronic contig, primers P1 and P2 were employed to carry out RT-PCR, and the products were analyzed by agarose gel electrophoresis (Fig. 1B) . The sequencing results showed that the cDNA, designated LeCPK2 according to the nomenclature of Hrabak et al., 16) was 1,982 bp long with an opening frame (ORF) of 1,698 bp encoding 565 amino acids. LeCPK2 shared high identity with the electronic contig in the nucleotide sequence, validating the assembled sequence obtained through in silico cloning.
Characterization of LeCPK2
The alignment of the amino acid sequence of LeCPK2 with those of other plant CDPKs revealed that it shared 95%, 90%, and 88% identity with StCPK1, NtCPK5, and NtCPK4 respectively, but only 45% and 40% identity with LeCDPK1 and LeCPK1 (two known isoforms of CDPKs from tomato), suggesting that LeCPK2 is a novel isoform of CDPKs from tomato. Through a scan of motifs/domains for LeCPK2 at the ExPASy website (http://www.expasy.org/tools/scanprosite/), LeCPK2 was found to contain an N-terminal variable region and three conserved domains of the CDPK protein family: a typical eukaryotic Ser/Thr catalytic domain and an autoinhibitory junction domain, followed by a C-terminal CaM-like domain with four EF-hands, suggesting LeCPK2 belongs to the CDPK family (Fig. 2) . In the phylogenic tree, the LeCPK2 subfamily including StCPK1 is located closer to the CRK (CDPK-related protein kinase) protein family, which possess a high degree of similarity in catalytic domain with some A B subgroup members of the CDPK family, but an apparently degenerate EF-hands in the C-terminal end, and thus is considered arise in evolution from a distinct subgroup of CDPKs (Fig. 3) . 4) The arrangement in the phylogenic tree suggests that LeCPK2 is an evolutionary link between CDPKs and CRKs like its orthologs StCPK1 in potato and NtCPK5 in tobacco. 17, 18) Organ-specific expression of LeCPK2 Expression profile analysis in different tomato organs by semi-quantitative RT-PCR showed that LeCPK2 expressed prevalently in the roots, stems, leaves, flowers, and fruits of tomato with a relatively enhanced accumulation of mRNAs in the flowers, suggesting functions of LeCPK2 in the reproductive growth (Fig. 4A) .
Responses of LeCPK2 to various abiotic stresses
The effects of temperature on LeCPK2 expression were divergent: heat stress at 42 C stimulated the expression of LeCPK2 240 min after treatment, while cold stress at 4 C exhibited no stimulation of expression throughout the experimental period of 360 min (Fig. 4B) .
In the responses of LeCPK2 to mechanical wounding and pathogen-related phytohormones, including ethylene, methyl jasmonate, and salicylic acid, a very similar pattern was displayed: the accumulation of LeCPK2 mRNAs was enhanced at 30 min and reached a maximum at 3 h, followed by a decrease to the normal level (Fig. 5) . These results suggest that LeCPK2 mediates cross talk in these signaling pathways.
Discussion
CDPKs in plants are encoded by a multigene family. Thirty-four and thirty-one isoforms of CDPK have been identified in arabidopsis and rice respectively. 3, 4, 6, 7) It is a time-consuming and inefficient work to isolate such a large number of genes of CDPKs prior to the accomplishment of the genome sequencing project. In silico cloning is a rapid, cost-effective, and complementary approach to identify new genes, especially when a mass of ESTs are deposited in GenBank rapidly. In this study, Identical sequences between these kinases are indicated by shaded squares. The regions boxed indicate the conserved domains of the CDPK protein family, including the kinase catalytic domain, the junction domain (autoinhibitory domain), and the C-terminal four EF-hand loops. NtCPK4 (AF435451), a tobacco (Nicotiana tabacum) CDPK; NtCPK5 (AY971376), a tobacco CDPK; StCPK1 (AF030879), a potato (Solanum tuberosum) CDPK.
tomato LeCPK2 was identified through the assembly of overlapping ESTs and verification by RT-PCR, indicating that in silico cloning is a timesaving and effective approach to the isolation of homological genes.
The expression of CDPK genes has been reported to be tissue-specific. 19, 20) In this study, LeCPK2 expressed widely in different organs, but an enhanced accumulation of mRNAs was detected in the flowers, suggesting that LeCPK2 has a broad range of functions during plant growth and development, especially in reproductive growth. The expression profile of LeCPK2 in tomato organs was similar with that of tobacco NtCPK4, an ortholog of LeCPK2, which expressed in the roots, stems, leaves and flowers, especially a high expression in the flowers, according to Zhang.
21)
The responses of plant cells to cold and heat stresses are initiated on plasmalemma, which shows rigidification under cold stress and fluidization under heat stress. 22) This leads to the induction of Ca 2þ influx and cytoskeletal reorganization, resulting in upregulation of mitogen-activated protein kinases (MAPKs) and calcium dependent protein kinases (CDPKs). 22, 23) It has been reported that CDPKs are involved in cold stress, 7, 12, 24, 25) but, so far, only one example of CDPKs has been observed to respond to heat shock. 26) Our data for LeCPK2 provide another example of CDPKs responding to heat stress. Although tobacco NtCPK4 shares high homology with LeCPK2, it responded neither to cold nor to heat stress during entire 360 min experimental time. 21) Wounding has been documented to induce transcription of CDPK genes. For example, LeCDPK1 was observed to express locally at the site of injury and systemically in distant non-wounded leaves of tomato plants subjected to mechanical wounding, and tobacco NtCDPK1 mRNA accumulated at the locus of wounding. 8, 27) ET, JA, and SA are well documented as signal molecules playing important roles in the defense of plants against multiple pathogenic and insect attacks, [28] [29] [30] [31] [32] [33] and also, CDPKs were reported to be involved in defense responses to various biotic stimuli. [34] [35] [36] [37] Consequently, the question arises whether the responses of CDPK genes to pathogens and insect stimuli are induced by these pathogen-related phytohormones. Studies of CDPK genes in chili pepper (Capsicum annuum L.) provided clues to this question, CaCDPK3 and CaCDPK4 were found to be induced during pathogen infection in parallel with responses to ET, JA, and SA. 38, 39) In this study, the similar responsive patterns of LeCPK2 to wounding, ET, JA, and SA suggest that LeCPK2 responds to biotic stresses under induction of wounding, ET, JA, and SA, although the way LeCPK2 is involved in the cross talk of these signaling pathways remains unknown.
In summary, the isolation of tomato CDPK gene, LeCPK2, and the investigation of expression profiles in different organs and under several stresses indicate that LeCPK2 is a versatile gene functioning in the growth and developmental processes of plants and in responses to abiotic and possibly biotic stresses.
